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Clock resettingCLOCK-BMAL1 is a key transcription factor complex of the molecular clock system that generates circadian gene
expression and physiology in mammals. Here, we demonstrate that sumoylation of BMAL1 mediates the rapid
activation of CLOCK-BMAL1 by CREB-binding protein (CBP) in nuclear foci and also the resetting of the circadian
clock. Under physiological conditions, a bimolecular ﬂuorescence complementation-based ﬂuorescence reso-
nance energy transfer (BiFC-FRET) assay revealed that CLOCK-BMAL1 rapidly dimerized and formed a ternary
complex with CBP in discrete nuclear foci in response to serum stimuli. We found that the formation of this ter-
nary complex requires sumoylation of BMAL1 by SUMO3. These processeswere abolished by both the ectopic ex-
pression of the SUMP2/3-speciﬁc protease, SUSP1, andmutation of themajor sumoylation site (Lys259) of BMAL1.
Moreover, molecular inhibition of BMAL1 sumoylation abrogated acute Per1 transcription and severely damp-
ened the circadian gene oscillation triggered by clock synchronization stimuli. Taken together, theseﬁndings sug-
gest that sumoylation plays a critical role in the spatiotemporal co-activation of CLOCK-BMAL1 by CBP for
immediate-early Per induction and the resetting of the circadian clock.
© 2015 Published by Elsevier B.V.1. Introduction
In response to the 24 h light/dark cycle, most living organisms have
evolved a circadian clock, an intrinsic time-keeping system. This endog-
enous clock aligns physiology and behavior with daily changes in the
environment. In mammals, the central clock is located in the suprachi-
asmatic nucleus (SCN) of the hypothalamus and governs circadian
rhythms by integrating environmental light stimuli to synchronize in-
ternal time to the day–night cycle [1]. Nearly all peripheral organs, tis-
sues, and even individual cells possess autonomous clock oscillators.
These oscillators are entrained by various neural and humoral signals
from the SCN. Independent of the central clock, these peripheral clocks
can also be entrained by many other environmental stimuli such as
temperature, nutrients, and various metabolic cues. Despite entraining
to different environmental timing cues, both the central and peripheral
clocks share commonmolecular gears and signaling pathways for clock
entrainment [2–4]. One of the key molecular events driving clock en-
trainment is the immediate-early induction of the Per1 gene, not onlyd Cognitive Sciences, Daegu
T), Daegu 711-583, Republicin SCN, but also in peripheral tissues and ﬁbroblasts in response to ex-
ternal stimuli such as serum shock and glucocorticoids (GC) [5–7].
Many investigations have sought to elucidate the key molecular
components and regulatory mechanisms involved in clock resetting.
One of the most studied molecules is cAMP/Ca2+ response element
binding protein (CREB). In the SCN, CREB is rapidly phosphorylated in
response to the light stimuli, and it is widely thought to serve as a
nodal molecule of several kinase pathways that mediate the rapid in-
duction of Per1 gene expression [8,9]. Furthermore, accumulating evi-
dence suggests that circadian transcription factors involved in core
clock regulation also play crucial roles in Per1 transcription and circadi-
an clock resetting in response to external stimuli. Phylogenetic analysis
has shown that CLOCK and BMAL1 belong to the family of basic helix-
loop-helix-PER-ARNTL-SIM (bHLH-PAS) transcription factors that play
a critical role in mediating the signal-transduction pathways activated
by various environmental changes. CLOCK is classiﬁed as a Class I signal
sensor, while BMAL1 is a Class II nuclear entry partner [10]. In mam-
mals, CLOCK is rapidly phosphorylated by the Ca2+-dependent protein
kinase, PKC, and it acts as a signalingmolecule for the acute induction of
Per1 upon serum stimuli. CLOCK forms a dimer with BMAL1, and this
heterodimer (CLOCK/BMAL1) is enriched in the nuclear compartment
due to a nuclear localization signal (NLS) within the BMAL1 protein
[11,12]. Recently, bimolecular ﬂuorescence complementation (BiFC), a
novel technique for imaging protein–protein interactions in intact
2698 Y. Lee et al. / Biochimica et Biophysica Acta 1853 (2015) 2697–2708cells, visualized the rapid dimerization and nuclear translocation of
CLOCK/BMAL1 in living cells in response to clock resetting stimuli [13].
Besides phosphorylation, the activity of CLOCK/BMAL1 is also
regulated through sumoylation by the small ubiquitin-related mod-
iﬁer (SUMO) family of proteins. Sumoylation mediates protein sta-
bility, sub-cellular localization, and protein–protein interactions
[14]. Sassone-Corsi and coworkers showed that BMAL1 is also mod-
iﬁed by SUMO1 at lysine 259 in a circadian fashion [15]. Further-
more, BMAL1 is predominantly modiﬁed by SUMO2/3, and this
poly-sumoylation with the SUMO paralogues serves as a targeting
signal for ubiquitination of BMAL1 [16]. Despite functioning in a cir-
cadian manner, the role of sumoylation in the activation of CLOCK-
BMAL1 for clock gene expression upon external stimuli is not clear.
In addition to the post-translational modiﬁcations, a growing body
of evidence suggests that transactivation of CLOCK-BMAL1 relies on
the recruitment of transcriptional co-activators such as CREB binding
protein (CBP) and its close homologue, p300. These proteins are histone
acetyl-transferases (HAT) that relax chromatin structure and recruit the
basal transcriptional machinery including TFIIB and Pol II on transcrip-
tionally active promoters [17,18]. It has been suggested that CBP inter-
acts with a transcriptional activation domain (TAD) in the C-terminus
of BMAL1 when it is heterodimerized with CLOCK [19]. Several studies
have shown that rhythmic binding and histone acetylation by CBP/
p300 is an important regulatory mechanism underlying the clock gene
activation mediated by CLOCK-BMAL1 [20,21]. Besides, studies using
the BiFC assay revealed that CBP, but not p300, co-activates the
CLOCK/BMAL1-mediated clock gene transcription in signal dependent
manner during the clock resetting [13]. However, the precise molecular
mechanism is not fully understood.
In the present study, we demonstrate that stimuli-induced protein–
protein interactions and post-translational modiﬁcations are tightly
coupled and regulate the CLOCK-BMAL1-mediated entrainment of the
circadian clock. Using a BiFC-based ﬂuorescence resonance energy trans-
fer (BiFC-FRET) technique which enables visualization of ternary protein
complex formation in living cells [22,23], we ﬁrst demonstrate that
CLOCK-BMAL1 rapidly dimerizes and forms a ternary complex with
CBP in discrete nuclear foci within single living cells in response serum
stimuli. The stimulated CBP recruitment in nuclear foci was also induced
by sumoylation of BMAL1, and this was severely blocked by sumo2/3
speciﬁc protease (SUSP1) and mutation of SUMO-conjugation site
(Lys259) of BMAL1. Using real-time BiFC-FRET measurements and biolu-
minescence we show that sumoylation of BMAL1 plays a crucial role in
the rapid co-activation of CBP for CLOCK-BMAL1-induced transcription
after stimuli, and thus leads to the resetting of circadian clock.
2. Materials and methods
2.1. Cell culture, transfection, and luciferase assay
COS-7 cells were cultured in Dulbecco's modiﬁed Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (Invitrogen) at 37 °C under 9% CO2. For lucifer-
ase reporter assays, COS-7 cells were transfected using Lipofectamine
PLUS reagents (Invitrogen). At 24 h post transfection, the cells were
lysed, and luciferase activities in the cell extracts were analyzed by a
Dual-Luciferase reporter assay system (Promega). For RNAi knockdown
analysis, human CBP siRNA was purchased from Qiagen (GS1387) and
transfected in cells using Lipofectamine RNAiMax reagent (13778075,
Invitrogen).
2.2. Plasmids
SUSP1-GFP was kindly provided by Dr. Chin Ha Chung (School of Bi-
ological Sciences, Seoul National University). pcDNA 3.1-mouse CBP
was gifted by Dr. Ronald Cohen (University of Chicago Medical school).
SUSP1-Cerulean was constructed by subcloning the cDNA of Ceruleaninto the downstream region of human SUSP1 cDNA, which was cloned
in pFLAG-CMV2 (Sigma). The pGL3-mPer1-Luc promoter was used as
previously described [9].
2.3. Immunoblotting analysis
COS-7 cells co-expressing with BMAL1, Flag-SUMO3, and SUSP1-
EGFP were harvested and the proteins were resolved on 8% sodium do-
decyl sulfate-polyacrylamide gels and transferred to polyvinylidene
diﬂuoride membranes (Immobilon P; Millipore). Target proteins were
detected with anti-BMAL1 [11], anti-Flag (F7425, Sigma), anti-GFP
(G4970, sigma) and anti-Actin (4970, cell signaling) antibodies.
2.4. Co-immunoprecipitation and immunoblotting
Nuclear extracts fromU2OSwith orwithout serum shock treatment
for 2 h were obtained using the NE-PER Nuclear and Cytoplasmic Ex-
traction Reagents kit (78835, Thermo Fisher Scientiﬁc) according to
the manufacturer's protocol. Protein-G coated magnetic beads
(10004D, Life Technologies) were pre-incubated with 5 ug of rabbit
control IgG (2729, cell signaling) or anti-CBP antibody (A-22, Santa
Cruz Biotech.) at 4 °C for 6 h. The antibody conjugated beads were incu-
batedwith equal amounts of total nuclear protein at 4 °C overnight. The
ﬁnal immune complexes were analyzed by immunoblot assay using
anti-CBP, anti-CLOCK (A302-618A, Bethly Lab.), anti-BMAL1 (A302-
616A, Bethyl lab.), and anti-TBP (22006-1-AP, Proteintech).
2.5. Real-time measurement of bioluminescence and data analysis
NIH3T3 cells were plated in a 35-mm dish and transfected with the
Per2 promoter fused with destabilized ﬁreﬂy luciferase (Per2 Pro-dLuc)
alone or co-transfected with pcDNA BMAL1, pcDNA BMAL1 K259R,
pcDNA CBP, SUSP1 expression vector as indicated (Fig. 7). The cells
were pre-incubated in serum-free DMEM and synchronized with
100 nM dexamethasone (Dex; Sigma) for 2 h, and the mediumwas re-
placed with a recording medium (DMEM supplemented with 10% FBS
and 0.1 mM D-luciferin [Promega]), as previously described [11]. Biolu-
minescence was measured with photomultiplier tube detector assem-
blies (AB-2550 Kronos-Dio; ATTO, Tokyo, Japan). For the detrended
data, rhythms were plotted following a standard detrending procedure
whereby the24h runningmeanwas subtracted from the rawdata to re-
move the baseline drift that canmask the circadian rhythm as previous-
ly described [24]. Quantitative and statistical analyses of amplitudes
from the bioluminescence rhythms were performed using cosinor
periodogramprovided byDr. Roberto Reﬁnetti (University of South Car-
olina, Salkehatchie, SC).
2.6. BiFC and immunoﬂuorescence assays
For the BiFC assay, cDNAs encoding N-terminal residues 1–172
(VN173) and C-terminal residues 155–238 (VC155) of Venus were
fused upstream of sequences encoding BMAL1 using linker se-
quences for GGGGSGGGGS, and the chimeric coding regions were
cloned into pcDNA 3.1 (Invitrogen) to produce VN-BMAL1 and VC-
BMAL1 respectively. For BMAL1-VN and BMAL1-VC, cDNA encoding
BMAL1 was subcloned into pFLAG-VN173 and pHA-VC155 respec-
tively, which were kindly provided by Dr. Hu, Chang Deng (Purdue
University School of Pharmacy) [25]. For VC-ΔPAS-B, VC-ΔTAD, and
VC-K259R, cDNAs encoding BMAL1 Δ350–480 (ΔPAS-B), BMAL1
Δ553–625, and BMAL1 K259R was subcloned in place of wild-type
BMAL1 in VC-BMAL1. For CLOCK BiFC plasmids, VN173 and VC155
were fused upstream of sequences encoding CLOCK using a linker
for ANSSIDLISVPVEYPYDVPDYASR, and the chimeric coding regions
were cloned into pFLAG-CMV2 (Sigma) to produce VN-CLOCK and
VC-CLOCK, respectively. For CLOCK-VN and CLOCK-VC, CLOCK
cDNA was subcloned to pFLAG-VN173 and pHA-VC155. For SUMO3
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Venuswere fused to the 5′ ends of the coding regions for SUMO3ormu-
tant SUMO3 deleted of C-terminal glycine residues to produce plasmids
encoding VN-SUMO3 and VN-SUMO3ΔGG. For BiFC-FRET analysis of
CBP recruitment, ﬁrst, cDNA encoding full-length mouse CBP was
cloned into pFLAG-VN173 to produce CBP-VN as previously described
[13] and then subcloned the cDNA of Cerulean in place of the region
encoding VN of the fusion protein to generate CBP-Cerulean.
For immunoﬂuorescence analysis, cells were ﬁxed with 3.75% para-
formaldehyde in PBS and incubated with anti-PML (PG-M3; Santa Cruz
Biotechnology) antibody. The cells were visualizedwith secondary anti-
bodies conjugated with TRITC (Jackson ImmunoResearch Laboratories).
2.7. BiFC-FRET analyses
COS-7 cells were cultivated in 24-well plates overnight and then co-
transfected with expression vectors as indicated in each experiment
(200 ng each) using Lipofectamine Plus reagents (Invitrogen). To cor-
rect for bleedthrough, BiFC plasmids or Cerulean fusion constructs
were individually transfected. At 12 h post-transfection, the cells were
placed in 1% serum media for 12–16 h of serum starvation followed by
1 to 2 h exposure tomedia containing 50% horse serum. Fluorescent im-
ages for FRET, Cerulean, and Venus were captured 12–16 h after trans-
fection by using a charge-coupled device camera mounted onto Delta-
Vision ﬂuorescence microscope (Applied Precision) with a excitation/
emissionﬁlter set at 430/535 nm, 430/470 nm, and 500/535nm, respec-
tively (Chroma Technology). All images were background-subtracted
before analysis. For FRET/Cerulean pixel-to-pixel ratiometric processing
and efﬁciency analysis, corrected FRET images were obtained by using
the FRET dialogue feature of the Delta-Vision microscope image
analysis software (SoftWorx, Applied Precision). Three different
specimen, containing just donor, just acceptor, and both donor and
acceptor were examined with each of the three ﬁlter sets, and the
resulting data were corrected for spectral bleed-through by using the
following equation:
Net Energy Transfer
nF ¼ FRET signal–α donor signalð Þ–β acceptor signalð Þ:
For this equation, α, β were determined by imaging the cells ex-
pressing each fusion protein on its own and measuring the crossover
into the FRET channel of the cyan (Cerulean) and yellow (Venus) sig-
nals, Respectively; α= (Dad)/(Ddd), where Dad is the average inten-
sity of the image acquired from the donor-only sample by using the
FRET ﬁlter setup, and Ddd is the average intensity of the image ac-
quired from the donor-only sample by using the donor ﬁlter setup;
β= (Daa)/(Aaa), where Daa is the average intensity of the image ac-
quired from the acceptor-only sample by using the FRET ﬁlter setup,
and Aaa is the average intensity of the image acquired from the
acceptor-only sample by using the acceptor ﬁlter setup. In our sys-
tem, 59% (SD 2%) of the cyan signal and 18% (SD 1%) of the yellow
signal was detected with the FRET ﬁlter set. These numbers repre-
sent average values, each obtained from imaging 50 different cells.
To determine FRET efﬁciency, the following FRET normalizing equa-
tion [22,26]:
NFRET ¼ Da f− α Dd fð Þ− β Aa fð Þﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Dd f  Aa fð Þ
p :
Daf indicates signal from the FRET ﬁlter from cells expressing both
donor and acceptor chromophores. Ddf indicates signal from the
donor ﬁlter from cells expressing both donor and acceptor chromo-
phores. Aaf indicates signal from the acceptor ﬁlter from cells express-
ing both donor and acceptor chromophores.
Each set of net FRET imageswere analyzed to calculate the efﬁciency
of the energy transfer between donor Cerulean and acceptor Venus.Each cell that showed FRET signals from the net FRET images were se-
lected as regions of interest. The same region also was selected from
the corresponding Ddf aswell as Aaf images by using the transfer region
feature on SoftWorx. For quantitative analyses, the cells showing nucle-
ar body signals were counted among BiFC and CFP signal positive cells
after serum shock. More than 50 cells from each set of experiments
were individually quantiﬁed. Each experiment was repeated at least
three times, and similar results were obtained.
2.8. Time lapse imaging analyses/deconvolution microscopy
Cells were plated in a live cell chamber (Live Cell Instrument, Seoul,
South Korea) in 10% FBS-containing growth medium. For serum shock
experiments, the transfected cells, as indicated above, were incubated
in a humidiﬁed chamber at 37 °C and at ambient CO2 levels for 12 h
and starved in medium containing 1% FBS for 12–16 h before 50%
horse serum treatment. Images were collected using a Delta Vision
deconvolution microscope (Applied Precision, Isaquah, WA) at 37 °C.
At every time point, the images were taken with speciﬁc ﬁlter sets for
YFP, CFP, and FRET as described above. For quantiﬁcation of changes in
YFP, CFP, and FRET signals, each of the ﬂuorescence and FRET intensities
in the nuclei of individualﬂuorescent cells wasmeasured using an auto-
mated intensity recognition feature of the Delta-Vision imaging analysis
system.
3. Results
3.1. BiFC-FRET assay enables visualization of CLOCK-BMAL1-CBP ternary
complexes
Recently, our group successfully visualized the dynamic changes of
either CLOCK-BMAL1 or CBP-BMAL1 interactions in response to clock
resetting stimuli in live cells using bimolecular ﬂuorescence comple-
mentation (BiFC) [13]. To further investigate dynamic complex forma-
tion between CLOCK-BMAL1-CBP in single living cells simultaneously,
we employed a BiFC-based ﬂuorescence resonance energy transfer
(BiFC-FRET) assay using improved yellow and cyan ﬂuorescence pro-
teins (YFP/CFP), Venus and Cerulean. This approach enables the visual-
ization of multiple protein complexes in live cells under physiological
temperatures [22]. We designed various plasmids encoding comple-
mentary fragments of Venus (Venus N-terminal [VN] and Venus C-
terminal [VC]) fused with the N or C terminal end of full-length
BMAL1 and CLOCK (VC-BMAL1, BMAL1-VC, VN-CLOCK, CLOCK-VN)
(supplementary material Fig. S1A). Consistent with our previous ﬁnd-
ings [11], microscopic observation revealed that co-expression of VC-
BMAL1 and CLOCK-VN produced the strongest BiFC signal compared
with the other pairs, and predominantly localized to the nucleus (sup-
plementary material Fig. S1B). We constructed a plasmid encoding Ce-
rulean (CFP) fused with the N-terminal end of full-length CBP (CBP-
CFP) to generate a donor protein that would allow FRET analysis with
an acceptor protein Venus (YFP) reconstituted by CLOCK-BMAL1 BiFC
(supplementary material Fig. S1C). Both western blotting and micro-
scopic observation showed that the fusion protein was normally
expressed with its corresponding size and nuclear distribution similar
to intact CBP when expressed in COS-7 cells (supplementary material
Fig. S1D, E; [13]). When co-expressed with CLOCK-VN and VC-BMAL1,
the CBP-CFP signal co-labeled discrete puncta in the nuclei with the
CLOCK-BMAL1-dependent signal. The BiFC-FRET complex signal also lo-
calized to these puncta (Fig. 1 upper panels). To conﬁrm whether the
observed BiFC-FRET activity depends on the physical interaction of
CBP with CLOCK-BMAL1, we employed VC-tagged BMAL1 mutants
(VC-ΔPAS-B and VC-ΔTAD) lacking each of the domains responsible
for interaction with CLOCK and CBP, respectively, as previously de-
scribed [13,19]. Unlike VC-BMAL1, VC-ΔPAS-B did not exhibit BiFC-
FRET signal with CBP-CFP as a result of its failure to generate BiFC signal
with CLOCK-VN (Fig. 1 middle panels). VC-ΔTAD also failed to produce
Fig. 1. Visualization of the CLOCK-BMAL1-CBP ternary complexes using BiFC-FRET analysis. After the fusion constructs encoding CBP-Cerulean (CBP-CFP), VN-CLOCK, VC-BMAL1, VC-
ΔPAS-B, and VC-ΔTAD were co-expressed in COS-7 cells, the images for FRET, Cerulean (cyan), and Venus (yellow) were captured with the excitation/emission ﬁlter sets at 430/
535 nm, 430/470 nm, and 500/535 nm, respectively. Wild type BMAL1 BiFC fusion protein (VC-BMAL1) exhibits the speciﬁc BiFC-FRET signal of the CLOCK-BMAL1-CBP complex in the
nuclear bodies (upper panel), whereas the other fusion protein of mutant BMAL1with deletion of either PAS-B or the TAD domain (VC-ΔPAS-B or VC-ΔTAD) did not produce the complex
signal (middle and lower panels). The BiFC-FRET signal in each image was quantiﬁed and is represented as a three dimensional (3D) column chart using image analysis software (right).
Cell nuclei of the targeted cells for FRET analysis are indicated with white dashed lines. The signal intensity is indicated by the rainbow-colored bar and column. The normalized FRET ef-
ﬁciency is indicated with the numbers (%). The cell images shown in each data panel are representative of multiple independent experiments. Scale bar: 10 μm.
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spite its comparable BiFC signal with CLOCK-VN (Fig. 1 lower panels;
supplementary material Fig. S2A, B). Notably, in both experiments
using the BMAL1 mutants, the CBP-CFP and CLOCK-BMAL1 signals
displayed diffuse distribution in most cell nuclei (Fig. 1 middle and
lower panels). Furthermore, the fusion of Cerulean as well as the two
Venus fragments (VN, VC) did not affect transcriptional activity induced
by the CLOCK-BMAL1-CBP complex and the inhibitory effects of CRY1
on its transactivation (supplementary material Fig. S1F). We conclude
that the BiFC-FRET assay using Cerulean and Venus is a feasible ap-
proach to investigate the dynamic changes of transcriptional complex
formation of CLOCK-BMAL1-CBP in vivo.
3.2. The CLOCK-BMAL1-CBP complex rapidly forms in the nuclear
compartment in living cells
We observed the BiFC-FRET signal induced by CLOCK-BMAL1-CBP
complex formation to be concentrated in spherical structures within
the cell nuclei (Fig. 1). These observations raised the possibility that
CLOCK-BMAL1 recruits CBP in the nuclear foci for transcriptional
coactivation upon intra- or extracellular stimuli. To explore the
coactivation of CLOCK-BMAL1 by CBP recruitment in response to the ex-
ternal stimuli in single living cells, we conducted time-lapse imaging ex-
periments in COS-7 cells after serum shock. In these experiments, cells
were expressed with CBP-CFP, VC-BMAL1 and CLOCK-VN, and Cerulean
and the reconstituted Venus signal of the cells were then detected si-
multaneously for BiFC-FRET analysis under normal culture conditions.
As shown in Fig. 2, the CLOCK-BMAL1 BiFC signal rapidly appeared in
both the cytoplasm and nucleus, and this signal was saturated within
2 to 3 h after serum treatment. The CBP-CFP signal intensiﬁed within
the nuclear compartment upon stimuli without overall change of its nu-
clear signal (Fig. 2A, B; supplementarymaterial movie 1). The BiFC-FRET
signal markedly increased in distinct nuclear puncta upon stimulation.This increase is clearly visible within higher magniﬁed images (Fig. 2C,
D). This increase in nuclear puncta localization failed to develop when
cells were co-transfected with the plasmid encoding a BMAL1 mutant
that lacked the transcriptional activation domain responsible for inter-
action with CBP (VC-BMAL1 ΔTAD) (supplementary material Fig. S2C,
D). Moreover, CBP knockdown by siRNA substantially reduced the
distinct nuclear puncta constituted by CLOCK/BMAL1 BiFC complex in
response to serum shock (supplementary material Fig. S3A, B, C).
These data indicates that the rapid accumulation of the BiFC-FRET signal
in these nuclear puncta requires the recruitment of CBP to CLOCK-
BMAL1 upon serum stimuli. To conﬁrm the stimuli-induced endoge-
nous nuclear complex formation of CBP with CLOCK-BMAL1 in the
nuclear puncta, we conducted co-immunoprecipitation assay using nu-
clear extracts obtained from cells treated or non-treated with serum
shock for 2 h. The results show that serum shock increased markedly
the interaction CBPwith CLOCKand BMAL1 aswell as the relative nucle-
ar abundances of the heterodimeric proteins (Fig. 2E, F). Taken together,
these data suggest that rapid CBP recruitment to form ternary complex
with CLOCK-BMAL1 in nuclear bodies is a crucial transcriptional
coactivation event in response to extracellular stimuli.
3.3. BMAL1 is rapidly conjugated by SUMO3 and localized to the PML
nuclear body in response to serum shock
Previously, we reported BMAL1 sumoylation by SUMO3 localizes
BMAL1 to promyelocytic leukemia nuclear bodies (NB) and simulta-
neously promotes its transactivation [16]. We hypothesized that
BMAL1 sumoylation is intimately involved in the accumulation of the
CLOCK-BMAL1-CBP complex in nuclear bodies after stimulation. There-
fore, to test whether BMAL1 sumoylation is induced by stimuli, we
serum shocked COS7 cells co-expressing BMAL1, Flag-tagged SUMO3,
and GFP-tagged SUMO2/3 speciﬁc protease (SUSP1) for 1 h[27]. We
then assessed SUMO modiﬁcation by western blot probing with an
Fig. 2. Serum shock stimulates CLOCK-BMAL1-CBP complex formation in nuclear bodies. (A) After the fusion constructs encoding CBP-Cerulean (CBP-CFP), VN-CLOCK, and VC-BMAL1
were co-expressed in COS-7 cells, time lapse ﬂuorescence and FRET images were taken every 5 min for 3 h after serum shock in living cells. Left to right, selected images illustrate
seven time points at 30 min intervals from all images taken over 3 h. Cell nuclei are indicated with white dashed lines (lower panel). The cell image data are representative of multiple
independent experiments. Scale bar: 10 μm. (B) Temporal changes of each of the signal intensities of CLOCK-BMAL1 BiFC (yellow), CBP-CFP (cyan), and FRET were measured in single
cell nucleus after serumshock. Themean ﬂuorescence intensities (±SE, n=52) are plotted as functions of time,which have been ﬁttedwith appropriate trend lines. (C)Magniﬁed images
of the indicated start and end points of the time-lapse recording. Nuclear body FRET signal induced by CLOCK-BMAL1-CBP complex formation in cell is indicated with white arrow heads.
The cell nuclei are indicatedwith dotted lines. The normalized FRET efﬁciency is indicatedwith the numbers (%). (D) The BiFC-FRET signal of each imagewas quantiﬁed and is represented
as a 3D column chart using image analysis software. The signal intensity is indicated by the rainbow-colored bar and column. Scale bar: 10 μm. (E) Coimmunoprecipitation of endogenous
CLOCK and BMAL1with CBP from nuclear extracts of serum shock-treated or non-treated U2 OS cells. Nuclear extracts obtained from cells with or without serum shock treatment for 2 h
were immunoprecipitatedwith CBP antibody and theﬁnal immune complexeswere analyzedby immunoblot assay using antibodies as indicated. Nuclear protein TBP is input control, and
IgG light chain (IgG LC) is a positive control for immunoprecipitation (IP). IgG, nonspeciﬁc IgG. The representative data of two independent experiments are shown. (F) Quantitative anal-
ysis of the immunoprecipitated protein bands detected by anti-CLOCK and anti-BMAL1 in the data shown in (E) using densitometer analysis software. The data are shown as themean±
SE of three independent experiments.
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weight band representing SUMO3-modiﬁed BMAL1 was found in both
treated and serum-shocked samples, but serum shock clearly increasedthe SUMO3-conjugated band of BMAL1. However, the ectopic expres-
sion of SUSP1 completely blocked the serum-induced sumoylation of
BMAL1. Furthermore, to examine the relationship between BMAL1
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stimuli, we constructed a plasmid encoding SUMO3 fused with the
N-terminal half of Venus (VN-SUMO3), and then carried out BiFC
analysis by co-expressing VN-SUMO3 and VC-BMAL1 in combination
with intact Cerulean (CFP) as a control and Cerulean-tagged SUSP1
(SUSP1-CFP) in COS-7 cells (Fig. 3C, D). We observed that serum
shock treatment caused a dramatic accumulation of BMAL1-SUMO3
BiFC signal in the nuclear bodies in signiﬁcantly more cells compared
to those left untreated (Fig. 3C upper and middle panels, D; supple-
mentary material movie 2). Furthermore, co-immunostaining exper-
iments using an anti-PML antibody revealed that the BMAL1-SUMO3
BiFC complex signal co-localized with PML nuclear bodies upon
stimulation (supplementary material Fig. S4A). Co-expression with
the SUSP1-CFP protease strongly inhibited the serum-induced accu-
mulation of BMAL1-SUMO3 BiFC complex in nuclear bodies in most
cells (Fig. 3C lower panels, D). These observations indicate that
BMAL1 undergoes acute sumoylation and is subsequently recruited
to PML nuclear bodies in response to extracellular stimuli.Fig. 3. SUSP1, desumoylaton enzyme, blocks the serum shock-induced BMAL1-SUMO complex
SUMO3 (Flag-SUMO3), and GFP-tagged SUMO2/3 speciﬁc protease (SUSP1-EGFP), and sumoyl
antibodies. (B) Quantitative analysis of the protein bands of sumoylated BMAL1 in the data sho
three independent experiments. (C) For BiFC analysis, VN-SUMO3andVC-BMAL1 in combinatio
expressed in COS-7 cells. SUSP1 prevents the serum shock-induced formation of BMAL1-SUMO
shock or SUSP1 effects on nuclear body formation by BMAL1-SUMO BiFC in cell nuclei. The cell
strong nuclear body BiFC signals were counted among the BiFC and CFP signal positive cells afte3.4. Rapid sumoylation of BMAL1 results in the recruitment CBP to the
nuclear body in response to serum shock
Similar to BMAL1-SUMO3 BiFC complex localization, we observed
that BiFC complex signals of BMAL1-CBP as well as BMAL1-CLOCK
colocalized with nuclear bodies stained with anti-PML upon serum
shock (supplementary material Fig. S4B, C). In order to investigate
whether sumoylation of BMAL1 also mediates CBP recruitment to
these nuclear foci, we co-expressed CBP-CFP, VN-SUMO3, and VC-
BMAL1 in COS-7 cells. As expected, both CBP-CFP and the BiFC complex
of SUMO3-conjugated BMAL1 each localized to discrete puncta in the
cell nuclei in which the BiFC-FRET activity signal also detected (Fig. 4
upper panels). However, when co-expressedwith the SUMOmutant fu-
sion protein (VN-SUMO3ΔGG) lacking conjugation ability [16,28], the
signal of CBP-CFP was diffuse throughout the nucleoplasm. Further-
more, the nuclear localization of both the BiFC and BiFC-FRET signals
were rarely observed in cells expressing VN-SUMO3ΔGG. VC-ΔTAD
also failed to produce BiFC-FRET signal with CBP-CFP diffused information in nuclear bodies. (A) COS-7 cells were co-expressed with BMAL1, Flag-tagged
ation of BMAL1 was assessed in western blotting with anti-BMAL1 and the other indicated
wn in (A) using densitometer analysis software. The data are shown as the mean ± SE of
nwith intact Cerulean (CFP) as a control andCerulean-tagged SUSP1 (SUSP1-CFP)were co-
3 BiFC complexes in nuclear bodies. Scale bar: 10 μm. (D) Quantitative analyses of serum
images in each panel are representative of three independent experiments. Cells showing
r serum shock in the presence or absence of SUSP1-CFP and are presented as means± SE.
Fig. 4.Visualization of the CBP-BMAL1-SUMO3 ternary complexes using BiFC-FRET analysis.Wild type SUMOBiFC fusion protein (VN-SUMO) induces a nuclear foci signal of CBP-Cerulean
(CBP-CFP) and the speciﬁc BiFC-FRET signals of CBP-BMAL1-SUMO3 complexes in nuclear bodies (upper panel), whereas BiFC fusion proteins encoding SUMO3ΔGG (VN-Sum) did not
produce the BiFC-FRET complex or the BiFC signal with VC-BMAL1 (middle panel). The TAD-deleted BMAL1 (VC-ΔTAD) generated a BiFC complex signal with VN-SUMO3 in the nuclear
bodies or nucleoplasm, but it did not induce theBiFC-FRET complex signal or thenuclear foci signal of CBP-CFP (lower panel). TheBiFC-FRET signal at eachof the imageswasquantiﬁedand
is represented as 3D column chart (right). The signal intensity is indicated by the rainbow-colored bar and column. The normalized FRET efﬁciency is indicated with the numbers (%). The
cell images shown in each data panel are representative of multiple independent experiments. Scale bar: 10 μm.
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clei (Fig. 4 lower panels). These data suggest that the observed BiFC-
FRET activity results from the direct interaction of CBP with SUMO3-
conjugated BMAL1 in the nuclear body.
To further explore the dynamic recruitment of CBP via rapid
BMAL1 sumoylation in single living cells in response to resetting
stimuli, we conducted time-lapse imaging experiments in COS-7 cells
after serum shock. Cells were expressed with CBP-CFP, VC-BMAL1 and
VN-SUMO3, and Cerulean. As shown in Fig. 5, the BiFC signal of
SUMO3-conjugated BMAL1 rapidly appeared in the nuclei and, this sig-
nal was saturated within 2 to 3 h after serum treatment, while CBP-CFP
signal became intensiﬁed in nuclear bodies upon stimuli without over-
all change of nuclear signal despite the little change of its overall nuclear
signal relative to the basal level (Fig. 5A, B; supplementary material
movie 3). Furthermore, the BiFC-FRET signal markedly increased in dis-
tinct nuclear bodies upon stimuli, and can be clearly seen in magniﬁed
images (Fig. 5C, D). Taken together, these data suggest that BMAL1
sumoylationmediates the recruitment of CBP to the nuclear body in re-
sponse to resetting stimuli.
3.5. Rapid sumoylation of BMAL1 is critical for the serum-evoked nuclear
body formation and Per1 transcription by the CLOCK-BMAL1-CBP complex
We performed BiFC analysis by co-expressing SUSP1-CFP in combi-
nation with VC-BMAL1 and either CLOCK-VN or CBP-VN in COS-7 cells
to obtain direct evidence that rapid sumoylation is directly involved in
assembly of the CLOCK-BMAL1-CBP transcriptional complex in nuclear
bodies in response to resetting stimuli. The ectopic expression of
SUSP1-CFP substantially blocked the serum-stimulated nuclear body
signal of the BMAL1-CLOCK BiFC complex as well as the BMAL1-CBP
BiFC complex in a number of cell nuclei compared with control samples
expressing intact CFP or CBP-CFP (Fig. 6A, B, G; supplementary material
Fig. S5A, B and supplementary material movie 4). To further verify the
speciﬁc role of BMAL1 sumoylation, we constructed a plasmid encoding
the C-terminal half of Venus fused to the mutant BMAL1 with it majorsumoylation site disrupted (VC-K259R) [15,16]. We then carried out
BiFC analysis by co-expressing VC-K259R with either CLOCK-VN or
CBP-VN in COS-7 cells. Indeed, comparedwith wild type fusion protein,
VC-K259R generated signiﬁcantly less nuclear body-signal positive cells
(Fig. 6C, E, G; supplementary material Fig. S5A,B). These results were
corroborated by time-lapse imaging analysis of BiFC-FRET, revealing
that the complemented ﬂuorescence signal by VC-K259R and CLOCK-
VN increased rapidly in both the cytoplasm and cell nucleus, but rarely
generated a BiFC-FRET signal with CBP-CFP in the nuclear bodies after
serum shock stimulation (Fig. 6C, D, E, F, G). These observations suggest
that rapid sumoylation of BMAL1 is critical for CLOCK-BMAL1-CBP com-
plex assembly in nuclear foci in response to resetting stimuli. Next, to
investigate the functional relevance of the assembly of the CLOCK-
BMAL1-CBP transcriptional complex via sumoylation on Per1 gene in-
duction, cells were co-transfected with a Per1 promoter reporter and
various combinations of plasmids expressing CLOCK, BMAL1, CBP,
K259R, and SUSP1. As shown in Fig. 6H, BMAL1 signiﬁcantly potentiated
Per1 promoter activity with CLOCK and CBP upon serum shock relative
to the untreated sample, but the site-directed mutation of the
sumoylation site (K259R) signiﬁcantly reduced this serum-stimulated
trans-activation.Moreover, co-expression of SUSP1 completely abrogat-
ed this CLOCK-BMAL1-CBP-potentiated promoter activity. Taken to-
gether, these data suggest that sumoylation plays a substantial role in
stimulating the assembly of the CLOCK-BMAL1-CBP transcriptional
complex in nuclear foci and potentiates Per1 transcription in response
to the resetting stimuli.
3.6. BMAL1 sumoylation is critical for CBP co-activation of CLOCK-BMAL1-
mediated circadian clock resetting
Despite the critical role BMAL1 sumoylation plays in rapid Per1 in-
duction, its relevance to circadian physiology remains unclear. To eval-
uate the physiological relevance of sumoylation to CLOCK-BMAL1-CBP
complex-mediated clock resetting, we conducted real-time biolumines-
cence assays in living cells by using a destabilized luciferase reporter
Fig. 5. Serum shock stimulates CBP-BMAL1-SUMO3 complex formation in nuclear bodies. (A) After the fusion constructs encoding CBP-Cerulean (CBP-CFP), VN-SUMO3, and VC-BMAL1
were co-expressed in COS-7 cells, time lapse ﬂuorescence imageswere taken every 5min for 3 h after serum shock in living cells. Left to right, selected images illustrate seven time points
taken at 30 min intervals from the total number of acquired images for 3 h. The cell image data are representative of multiple independent experiments. Scale bar: 10 μm. (B) Temporal
changes of each of the signal intensities of BMAL1-SUMO3 BiFC (yellow), CBP-CFP (cyan), and FRET were measured in single cell nuclei after serum shock. The mean ﬂuorescence inten-
sities (±SE, n = 55) are plotted as functions of time, which have been ﬁtted with appropriate trend lines. (C) Magniﬁed images of the indicated start and end points of the time-lapse
recording. The normalized FRET efﬁciency is indicated with the numbers (%). (D) The BiFC-FRET signal at each of the images was quantiﬁed and is represented as 3D column chart.
The signal intensity is indicated by the rainbow-colored bar and column. Scale bar: 10 μm.
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known to have a robust circadian gene expression [11,16]. Cells were
co-transfected with plasmids carrying Per2 Pro-dLuc and the indicated
genes. The resulting bioluminescence was measured continuously for
48–72 h after the administration of the resetting stimuli, such as dexa-
methasone (Dex), a synthetic glucocorticoid (Fig. 7). All transfected
cells exhibited a similar circadian rhythm pattern of the expressed bio-
luminescence (Fig. 7A,B). The robust oscillations were observed in cells
co-expressing wild-type BMAL1 and CBP as in control (Fig. 7, green andFig. 6. Sumoylation of BMAL1 is required for serum-stimulated nuclear body formation and Per1
SUSP1-Cerulean (SUSP1-CFP), VN-CLOCK, and VC-BMAL1 were co-expressed in COS-7 cells, ti
shock in living cells. Left to right, selected images illustrate seven time points each of 30 min i
representative of three independent experiments. (B) Temporal changes of each of the signa
BiFC overlap with the SUSP1-CFP signal (light green) were measured in single cell nuclei afte
of time, which have been ﬁtted with appropriate trend lines. (C) After the fusion constructs e
cells, time lapse ﬂuorescence and FRET images were taken every 5 min for 3 h after serum sho
intervals of the total acquired images for 3 h. Cell nuclei are indicatedwith white dashed lines (
Scale bar: 10 μm. (D) Temporal changes of each of the signal intensities of CLOCK-K259RBiFC (ye
mean ﬂuorescence intensities (± SE, n = 44) are plotted as functions of time, which have bee
points of the time-lapse recording of (D). The normalized FRET efﬁciency is indicated with the
each of the imageswas quantiﬁed and is represented as 3D column chart. The signal intensity is
of K259R and SUSP1 on serums shock-evoked nuclear body formation by the CLOCK-BMAL1-C
samples were counted among the BiFC and CFP signal-positive cells after serum shock in the p
transiently transfected with the Per1-Luc reporter construct alone or co-transfected with plasm
24 h post-transfection, cell were serum shocked for 2 h, and after 24 h cells were subject to l
pRL-TK activity. The representative data are shown as means ± SE of triplicate experiments.black). However, the oscillation and amplitude of the reporter activity
were severely dampened by co-transfection of SUSP1, a desumoylation
enzyme (Fig. 7, blue). Additionally, the cells expressing the mutant
BMAL1 lacking the sumoylation site (K259R) also displayed a marked
decreased in the amplitude of the rhythmic expression of the reporter
gene (Fig. 7, red). These results suggest that BMAL1 sumoylation and
thus recruitment of CBP to CLOCK-BMAL1 in nuclear transcriptional
foci are critical not only for clock gene transcription but also for circadi-
an clock resetting.transcription by the CBP-CLOCK-BMAL1 complex. (A) After the fusion constructs encoding
me lapse images of YFP and CFP ﬂuorescence were taken every 5 min for 3 h after serum
ntervals taken out of the total number of acquired images for 3 h. The cell image data are
l intensities of the CLOCK-BMAL1 BiFC (yellow), SUSP1-CFP (cyan), and CLOCK-BMAL1
r serum shock. The mean ﬂuorescence intensities (±SE, n = 15) are plotted as functions
ncoding CBP-Cerulean (CBP-CFP), VN-CLOCK, and VC-K259R were co-expressed in COS-7
ck in living cells. Left to right, selected images illustrate seven time points each at 30 min
lower panel). The cell image data are representative of multiple independent experiments.
llow), CBP-CFP (cyan), and FRETweremeasured in single cell nuclei after serumshock. The
n ﬁtted with appropriate trend lines. (E) Magniﬁed images of the indicated start and end
numbers (%). The cell nuclei are indicated with dotted lines. (F) The BiFC-FRET signal at
indicated by the rainbow-colored bar. Scale bar: 10 μm. (G) Quantitative analyses of effects
BP complex in cell nuclei. Cells showing strong nuclear body BiFC signal in the indicated
resence or absence of SUSP1-CFP and are presented as means ± SE. (H) COS-7 cells were
ids expressing CLOCK, BMAL1, BMAL1-K259R, and CBP in the indicated combinations. At
ysis and Per1 promoter-driven luciferase activities were measured and normalized with
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Dynamic protein–protein interactions and post-translational modi-
ﬁcations triggered by external stimuli are key molecular events to gen-
erate the timely physiological reactions in response to changes inenvironment. By carrying out real-time analysis of molecular interac-
tions in living cells with the BiFC-based FRET assay, we demonstrate
that the rapid sumoylation of BMAL1 operates as a signaling intermedi-
ate to promote CBP recruitment to CLOCK-BMAL1. These ternary com-
plexes form in nuclear transcriptional foci and lead to the entrainment
Fig. 7.Rapid sumoylation of BMAL1 and CBP recruitment is required for the robust induction and oscillation of Per2 promoter activity. (A) NIH3T3 cells were co-transfectedwith 1 μg/plate
Per2 pro-dLuc reporter alone or together with plasmids (500 ng) expressing BMAL1, CBP, BMAL1- K259R, and SUSP1 as indicated. After 48 h of transfection, the cells were then synchro-
nized by 100 nM Dex and bioluminescence was recorded using photomultiplier tubes (cpm, counts per minute). Cells transfected with Per2 Pro-dLuc alone exhibit a circadian rhythm of
the bioluminescent signal in black. Co-expression of SUSP1 (blue) or BMAL1-K259R (BM-K259R) (red) signiﬁcantly dampens the dex-induced circadian oscillation of Per2 promoter ac-
tivity, and this is enhanced by BMAL1and CBP (green). (B) The detrended data is shown by subtracting the 24-runningmeans (moving average) from the raw data. (C) The amplitudes of
the bioluminescence rhythms of the indicated samples were calculated from the detrended data and plotted as a relative percentage. The data are shown as the mean ± SE of three in-
dependent experiments.
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(Fig. 8).
Rapid signaling events that mediate various cellular responses to
stimuli are usually attributed to post-translational modiﬁcations by
phosphorylation, acetylation, and ubiquitination of various-related
proteins [29]. In fact, phosphorylation in particular is regarded as
the most active post-translational signal involved in eliciting circadi-
an clock rhythmicity in response to entraining stimuli [12,30]. How-
ever, accumulating evidence suggests that along with the other post-
translational modiﬁcations, sumoylation by SUMO proteins also
mediates a variety of transient cellular responses to stimuli such asFig. 8. Proposed model of CLOCK-BMAL1-mediated phase resetting of the circadian clock
via BMAL1 sumoylation and CBP recruitment. After nuclear translocation of the CLOCK-
BMAL1 heterodimer upon stimulation by a resetting signal, rapid sumoylation relocates
CLOCK-BMAL1 to the nuclear body and promotes CBP recruitment to BMAL1 for acute
Per1 expression in response to environmental signals. This results in the phase resetting
of the circadian clock.heat shock, hypoxia, and various stress signals. For instance, following
heat stress in COS-7 cells, large increases in SUMO-2/3-dependent con-
jugation occur, while SUMO-1-dependent conjugation appears unaf-
fected [31]. Similarly, in several studies hypoxic, oxidative, ethanol,
and osmotic stresses as well as heat shock caused a rapid increase in
global SUMO-2/3 conjugation of numerous proteins related with cell
metabolism, survival, and homeostasis in ﬁbroblasts and neurons
[32–34].
In line with this evidence, our present study shows that in addition
to circadian control by sumoylation, BMAL1 undergoes acute modiﬁca-
tion by SUMO3 in response to clock synchronizing signals (Fig. 3). In
fact, it has been suggested that BMAL1 sumoylation depends on the
presence of CLOCK, a heterodimeric transactivation partner of BMAL1
[15]. Furthermore, we recently demonstrated in response to serum
shock stimuli BMAL1 rapidly dimerizes with CLOCK in the cytoplasm
and then translocates into the nucleus [13]. Combined with the
CLOCK-dependent sumoylation of BMAL1, our present data suggest
that the rapid sumoylation of BMAL1 is likely to occur shortly after it di-
merizes with CLOCK and translocates to the nucleus during the clock-
entraining stimulation (Fig. 8).
SUMO modiﬁcation has been frequently associated with transcrip-
tional regulation, but the prevailing view is that SUMO imparts repres-
sive properties on transcription factors [14]. However, emerging
evidence suggests a stimulatory role of sumoylation for transcriptional
activation. For instance, poly (ADP-ribose) polymerase (PARP-1), the
key cellular sensor of DNA damage, is rapidly and preferentially poly-
modiﬁed by SUMO2 through its interaction with the SUMO3 ligase,
PIASy (protein inhibitor of activated STAT [signal transducer and activa-
tor of transcription]), in response to heat shock. PARP-1 is then recruited
to the promoter of the heat shock inducible HSP70.1 gene for transcrip-
tional activation [35]. In addition, the ETS domain transcription factor
PEA3 (polyoma enhancer activator 3) involved in tumor metastasis
was shown to be SUMO-modiﬁed immediately upon activation of the
extracellular signal-regulated kinase (ERK) mitogen-activated protein
(MAP) kinase signalingpathway, leading tomaximal activation of target
gene promoters [36]. Similar to these observations, our group demon-
strated that poly-sumoylation of BMAL1 by SUMO2/3 serves as a post-
translational signal to enhance its transactivation capacity for clock
gene expression [16]. In linewith this evidence, our present data further
emphasize the transactivational function of sumoylation by revealing
that rapid sumoylation of BMAL1 in response to extracellular stimuli en-
hances the co-activation of the transcriptional complex it forms with
CLOCK by CBP. We show that this SUMO-dependent transactivation
drives both the induction of the Per1 gene and circadian transcriptional
rhythms (Figs. 5, 6, 7 and 8). However, further studies are needed to
2707Y. Lee et al. / Biochimica et Biophysica Acta 1853 (2015) 2697–2708characterize the speciﬁc SUMO E3 ligase and signaling pathway directly
involved in BMAL1 sumoylation in response to clock resetting stimuli.
Another important cellular feature of sumoylation is the targeting
of the modiﬁed protein to the PML nuclear body (NB). Previous re-
ports demonstrated that polymeric SUMO3 chains, a property of
SUMO2 and SUMO3 that is not shared with SUMO1, are important
for regulating the nuclear accumulation of PML, the structure of
PML-NBs, and also the recruitment of other NB-associated transcrip-
tional regulators such as p53, CBP, and RNA polymerase II (Pol II) [37,
38]. Consistent with this, our group showed that conjugation by
SUMO3, rather than SUMO1, efﬁciently localizes BMAL1 to the PML
NB, a process that occurs only when BMAL1 is transcriptionally ac-
tive [16]. Our present data further demonstrate that the rapid modi-
ﬁcation of BMAL1 by SUMO3 induces the activation of the CLOCK-
BMAL1 complex with CBP directly in the NBs upon serum stimuli.
Importantly, we show that this entire process depends on BMAL1
sumoylation because removing the SUMO conjugation site either by
sitemutagenesis (BMAL1-K259R) or deletion of the C-terminal TAD do-
main (BMAL-ΔTAD) resulted in the inability of BMAL1 to recruit CBP to
the NB structures when exposed to stimuli (Figs. 1, 3, 4 and 6).
In parallel with the perturbed nuclear body phenotype, the BMAL1
mutant defective in sumoylation aswell as the SUMO2/3 speciﬁc prote-
ase severely dampened the stimuli-induced clock gene transcription
and oscillation when introduced in cells (Figs. 6H and 7). In this regard,
recent studies have shown that PML−/−mice exhibit abnormal phase
shift responses to a light pulse and have unstable circadian periods
[39,40]. Moreover, PML enhanced the CLOCK-BMAL1-mediated tran-
scription of the Per1 or Per2 promoter, while the loss of PML resulted
in signiﬁcantly dampened expression of these genes [39]. Thus, it is like-
ly that the PML-NB serves as a crucial regulatory site for circadian func-
tion, particularly in clock resetting induced by entrainment stimuli.
Taken together, our ﬁndings strongly suggest that the rapid transloca-
tion of BMAL1 in PML NBs in response to clock stimuli requires
sumoylation of the protein, and this is a critical molecular process
whereby CBP co-activates CLOCK-BMAL1-dependent transcription and
the resetting of the circadian clock.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2015.07.005.
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